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Abstract: This paper describes the optical principles of specular reflection (SR) and attenuated 

total reflection (ATR) - infrared (IR) spectroscopy, both of which are useful methods for glass 

surface analyses. It should be noted that the shape, position, and relative intensity of peaks in 

reflectance spectra vary drastically depending on the IR incidence angle as well as the probe 

method (SR vs. ATR). For example, in SR-IR analyses of soda lime glass, the Si-O-Si stretch 

band shows a blue-shift from its original position and a new peak grows at ~1200 cm
-1

 as the IR 

incidence angle increases. In contrast, the Si-O-Si stretch band appears be significantly 

red-shifted from its original position in the ATR-IR spectra of soda lime glass. SR-IR spectra of 
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thin and flat samples can contain transmission spectral features, due to the reflection from the 

backside, in the region where the bulk absorption coefficient is low. These artifacts are due to the 

complex nature of refractive index and should not be interpreted as new peaks or new chemical 

states of soda lime glass surfaces. An ATR-IR analysis to probe hydrous species in glass surface 

is demonstrated using two ATR crystals with different refractive indices.   

 

Keywords: soda-lime glass, infrared spectroscopy, specular reflectance, attenuated total 

reflectance, hydrous species.   
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1. Introduction 

For silicate glasses, mechanical strength and chemical reactivity are known to be affected 

by its surface condition, especially the speciation and concentration of hydrous species (Si-OH or 

H2O) and the network structure (Si-O-Si bridging oxygen (BO) and Si-O
-
 non-bridging oxygen 

(NBO)) [1,2]. For example, distributions of these groups can affect surface corrosion [3,4], 

adhesion of coatings [5,6], and fictive temperature [7] of silicate glasses. Therefore, full 

characterization of the chemical structure of the surface and subsurface region of silicate glass is 

very important. Among various surface-sensitive analytical techniques, infrared (IR) 

spectroscopy has been widely used for this purpose. IR can probe BO and NBO groups, as well 

as Si-OH and H2O species inside the glass [3–7].  

In order to obtain surface information, IR analysis of glass must be carried out in a 

specular reflection (SR) or attenuated total reflection (ATR) configuration, rather than typical 

transmission mode [8]. Figure 1 schematically compares these three methods. In the transmission 

mode, the signal intensity is often expressed as absorbance (A) which is defined as –log(It/Io) 

where Io and It are the intensities of the incident and transmitted IR beams, respectively. The 

absorbance follows the Beer-Lambert law, 𝐴 =  𝑎𝑎𝑎 where a is specific absorptivity, b is 

sample thickness, and c is concentration of the species of interest. Since the thickness of the 

surface region affected by glass manufacturing processes or environmental corrosion is much 
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thinner than the total thickness of the sample (bsurface << bbulk), the transmission signal is always 

dominated by bulk species and their structure.  

In SR-IR, the intensity of the reflected beam (Ir) is measured and expressed as a 

reflectance (R=Ir/Io), which is dimensionally equivalent to the transmittance (It/Io) in the 

transmission mode experiment. When the IR frequency resonates with the absorption band of the 

sample, the reflected beam intensity is enhanced in SR-IR. Thus, the peak in the R vs. 

wavenumber (cm
-1

) plot of SR-IR is positive, while the peak in transmission IR is negative when 

plotted in the percent transmission (It/Io×100%) scale. 

In the case of ATR-IR, a crystal with a refractive index (n1) higher than that of sample of 

interest (n2) is in intimate contact with the sample surface and the IR probe beam is irradiated 

through this crystal. When the IR incidence angle (θi) is higher than the critical angle 

(θc=arcsin(n2/n1)), then the IR beam is totally reflected from the crystal/sample interface and 

only an evanescent wave penetrates into the sample. The interaction of this evanescent wave and 

the absorption band of the sample attenuates the total reflection. When the measured reflectance 

(R) is plotted as log(1/R), then it is dimensionally equivalent to the absorbance; thus, peaks in 

ATR-IR spectra are often interpreted as absorption bands as in the case of transmission spectra.  

However, it should be noted that peaks in the transmission IR spectra are governed by the 

absorptivity (a) which is a function of the imaginary (k) part of the complex refractive index of 
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glass (n+ik) [i.e., 𝑎 = 4𝜋𝜋 λ⁄  where λ is the IR wavelength], while those in the SR-IR and 

ATR-IR spectra are governed by both the real (n) and imaginary (k) parts that vary over a large 

range [9]. As shown in Figure 2 [9], the real part of the glass refractive index is not constant; due 

to the Kronig-Kramers relationship, [10,11] n varies significantly along with k especially near the 

absorption band region. Thus, the SR-IR and ATR-IR spectra of glass cannot be interpreted in the 

same manner as the transmission IR peaks. The peak position, shape, and relative intensity can 

be drastically different in the SR-IR and ATR-IR spectra of glass.  

Although ATR-IR spectroscopy is a useful and convenient method for evaluation of glass 

surface because it can be more surface sensitive than transmission IR analysis, only few studies 

on ATR-IR for inorganic glasses have been reported [12–15] and none of them discussed the 

comparison between theoretical and experimental spectra from glass surface. This paper aims to 

provide clear explanations of how the spectral features in both SR-IR and ATR-IR spectra of 

glass are altered at various measurement conditions and how they should be interpreted. These 

spectral effects are discussed for as-produced float glass and acid treated soda lime glass; the 

same principles can be applied to other types of glass. 
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2. Experimental methods 

2.1 Sample preparation 

Soda lime float glasses (0.7mm-thick) were used in this study as as-produced sample, 

which were supplied by Asahi Glass Co. Ltd. in Japan. The bulk composition of the glasses was 

analyzed by x-ray fluorescence (XRF) and is shown in Table 1. In all reflection experiments, the 

air-side of the float glass was used as the top side where incident IR beam entered. Some float 

glass samples were remelted in a Pt crucible in an electric furnace and quenched on a carbon 

plate. The quenched glass blocks were annealed at 600 
o
C for 1 hour and cooled slowly at a 

cooling rate of 1
 o
C/min to remove residual stress. Annealed glasses were then cut and polished 

with SiC sandpaper and CeO2 dispersed in water into 5.0 mm thick slabs. Before IR 

measurements, all samples were cleaned with distilled water and ethanol in an ultrasonic cleaner 

and then using an UV/ozone cleaner. 

In order to study changes in the hydrous species and the glass network structure in the 

surface region, the remelted and polished glass samples were treated with a 0.1M HCl solution at 

90 
o
C for 1, 5, 20, 80, and 320 hours. The surface area of each sample treated with 50ml HCl 

solution was 7.5 cm
2
. The hydrogen depth profiles in the acid-treated sample surface were 

previously analyzed with secondary-ion mass spectroscopy (SIMS) and reported elsewhere [15].  
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Table 1. Glass composition determined by XRF 

 
SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 

mol% 70.8 1.0 6.2 9.1 12.5 0.4 0.04 

 

2.2 SR-IR measurements 

SR-IR spectra of both as-produced float glass with 0.7 mm thickness and polished and 

leached samples with 5.0 mm thickness were obtained by three instruments: (i) 20
o
 incidence 

angle from the surface normal direction using a Bruker Hyperion 3000 micro-FT-IR system 

equipped with a 15x infrared microscope objective lens (Bruker Optics Inc.), (ii) ~45
o
 incidence 

angle using a Thermo-Nicholet 670 FTIR system equipped with a custom-arranged optics, and 

(iii) 43
o
, 53

o
, 58

o
, 63

o
, and 68

o
 incidence angles using a Bruker Hyperion 3000 system equipped 

with a Pike VeeMAX II ATR accessory. SR-IR spectra were obtained in the range of 4000 – 500 

cm
-1

. Spectra were acquired for three spots per sample in 400 scan passes at a 4 cm
-1

 resolution. 

A gold mirror was used as a standard reference for all measurements. 

2.3 ATR-IR measurements 

A Bruker Vertex70 FT-IR system was used for ATR-IR analysis of both float (0.7mm 

thickness) and leached (5.0mm thickness) soda-lime glass samples using diamond and Ge ATR 

crystals. For the diamond ATR (MVP-Pro, Harrick Scientific Products), the IR beam incident 

angle was 45°. The sample was contacted against the ATR diamond crystal with a force of 
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pushed by 420 N over a 1.5 mm
2
 sampling area. For the Ge ATR (VariGATR, Harrick Scientific 

Products), the IR incident angle was set at 60
o
. The sample was contacted against the ATR 

germanium crystal with a force of pushed by 600 N over 1 cm
2
 sampling area. Spectra were 

collected for 100 scans with a spectral resolution of 6 cm
–1

 from 4000 to 400 cm
–1

 for diamond 

ATR and from 4000 to 800 cm
–1

 in Ge ATR. The diamond ATR crystal absorbs IR in the 2300 

and 2000 cm
-1

 region; so, this region cannot be probed. For the same reason, the Ge ATR-IR 

spectrum cuts off at 800 cm
-1

. For quantitative comparison of water related species as a function 

of acid treatment time, the peak intensity at 3400cm
-1

 was plotted after background correction.  

2.4 Simulations of SR- and ATR- IR spectra  

The reflectance of the IR beam was calculated using the Fresnel equations [16] and the 

refractive index of soda lime glass was taken from a literature (Figure 2) [9]. The reflection 

coefficients of p-polarized and s-polarized beams (rp and rs, respectively) at an interface between 

media 1 and 2 are expressed as: 

𝑟𝑝,12 =
𝑛2𝑐𝑐𝑐𝜃1−𝑛1𝑐𝑐𝑐𝜃2𝑛2𝑐𝑐𝑐𝜃1+𝑛1𝑐𝑐𝑐𝜃2  and 𝑟𝑐,12 =

𝑛1𝑐𝑐𝑐𝜃1−𝑛2𝑐𝑐𝑐𝜃2𝑛1𝑐𝑐𝑐𝜃1+𝑛2𝑐𝑐𝑐𝜃2 (1) 

where n1 is the refractive index of the media 1, n2 is the complex refractive index of media 2 

(𝑛2 = 𝑛(λ) + 𝑖𝜋(λ) from Figure 2 [9]), θ1 is the incident angle (θi in Figure 1) and θ2 is the 

transmission angle (θt in Figure 1) calculated from Snell’s equation: 𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃1. In the 

case of SR-IR, n1 = 1 (air); in the case of ATR-IR, n1 = ~2.4 diamond and ~4 for germanium. The 
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exact n1 value as a function of IR wavenumber can be found at [17] for diamond and [18] for 

germanium. Then, the reflectance of p-polarized (electric vector polarized parallel to the 

incidence plane) and s-polarized (perpendicular to the incidence plane) component of the IR 

beam are calculated as: 

𝑅𝑝 = 𝑟𝑝,12𝑟𝑝,12∗  and 𝑅𝑐 = 𝑟𝑐,12𝑟𝑐,12∗   (2) 

and the total reflectance of the unpolarized beam is the average of these two values: 

𝑅 = �𝑅𝑝 + 𝑅𝑐�/2    (3) 

Within the glass sample, the electric filed intensity of IR decreases with an exponential 

function of the distance from the surface. The characteristic attenuation or penetration distance is 

expressed as the distance required for the electric field amplitude (transmitted beam in SR-IR or 

evanescent wave in ATR-IR) to fall to 36.8% (e
-1

) of its value at the surface. The penetration of 

depth of SR-IR is defined as 𝑑𝑝,𝑆𝑆 = λ 4𝜋𝜋(λ)⁄  [3]. The penetration depth in ATR-IR is 

expressed as 𝑑𝑝,𝐴𝐴𝑆 = λ �2𝜋Im ��𝑛22 − 𝑛12𝑠𝑖𝑛2𝜃1���  where Im[] means the magnitude of the 

imaginary part.[19] Note that when 𝜋(λ) ≈ 0, then 𝑑𝑝,𝐴𝐴𝑆 can be calculated using only the real 

part of n2. The information depth from which most of IR signal comes from is three times the 

characteristic penetration depth which is wavelength dependent. 

 

When the glass sample is thin, a small portion of the transmitted IR beam can be reflected 

from the backside of the sample and can be detected along with the beam reflected from the front 
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surface (Figure 1). In that case, the total reflectivity of SR-IR can be calculated as: 

𝑟𝑝,121 = 𝑟𝑝,12 + 𝑡𝑝,12𝑟𝑝,21𝑡𝑝,21𝑒2𝑖𝑖 and 𝑟𝑐,121 = 𝑟𝑐,12 + 𝑡𝑐,12𝑟𝑐,21𝑡𝑐,21𝑒2𝑖𝑖 (4) 

where 𝑡𝑝,12 and 𝑡𝑐,12 is the transmission coefficients at the front surface for the beam entering 

from air, 𝑟𝑝,21 and 𝑟𝑐,21 is the reflection coefficient at the back surface, 𝑡𝑝,21 and 𝑡𝑐,21 is the 

transmission coefficient at the front surface for the beam reflected from the back surface, and 

𝛽 = 2𝜋𝑎𝑛1𝑎𝑐𝑠𝜃1 λ⁄  (where b = sample thickness; Figure 1) is the phase of the IR beam 

propagated through the glass. The transmission coefficients are calculated as:  

𝑡𝑝,12 =
2𝑛1𝑐𝑐𝑐𝜃1𝑛2𝑐𝑐𝑐𝜃1+𝑛1𝑐𝑐𝑐𝜃2  and 𝑡𝑐,12 =

2𝑛1𝑐𝑐𝑐𝜃1𝑛2𝑐𝑐𝑐𝜃2+𝑛1𝑐𝑐𝑐𝜃1 (5) 

The 𝑟𝑝,21, 𝑟𝑐,21, 𝑡𝑝,21, and 𝑡𝑐,21 terms can be calculated by changing the subscript order in the 

𝑟𝑝,12, 𝑟𝑐,12, 𝑡𝑝,12, and 𝑡𝑐,12 equations, respectively. Then, the total reflectance (R121) from both 

front and back surfaces is calculated using the same equations (2) and (3) where 𝑟𝑝,121 and 

𝑟𝑐,121, are used, instead of 𝑟𝑝,12 and 𝑟𝑐,12. 

 

3. Results & Discussions 

3.1 SR-IR and ATR-IR Spectra of Soda Lime Float Glass 

Figure 3 compares the SR-IR and ATR-IR spectra of the soda lime float glass samples 

with 0.7 mm thickness. Two positive peaks at ~1064 cm
-1

 and ~766 cm
-1

 in SR-IR spectra in Fig. 

3(a) are attributed to asymmetric and symmetric vibration modes of the Si-O-Si (BO) network 
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[3,8]. The shoulder at ~950 cm
-1

 corresponds to the stretching vibration of the Si-O
-
 (NBO) 

group in the glass [3,4]. It is noted that the BO peak at ~1064 cm
-1

 appears to be missing or 

red-shifted to ~1000 cm
-1

 in the Ge-ATR spectrum and ~910 cm
-1

 in the diamond-ATR spectrum 

shown in Fig 3(b). ATR-IR also shows a broad peak spanning from 3650 cm
-1

 to ~2500 cm
-1

 

corresponding to stretching vibrations of the hydrogen-bonded Si-OH and H2O species, and a 

sharp peak at ~1650 cm
-1

 corresponding to the bending vibration of the molecular H2O species. 

Although the ingress of water into the soda lime glass surface is true, it is incorrect to interpret 

the absence or red-shift of the BO peak in ATR-IR compared to the SR-IR as changes in the 

Si-O-Si network structure. This will be explained theoretically in the next section.    

It is also noted that the SR-IR spectrum of 0.7mm thickness float glass collected at the 

45
o
 incidence angle appears to show more spectral features than that of the same sample 

collected with the 15x objective lens in which the IR incidence angle is 20
o
 (Fig. 3(a)). The 

shoulder peak at ~1180 cm
-1

 and the negative peaks at ~2240 cm
-1

, 2800 cm
-1

, and 3500 cm
-1

 are 

observed only in the 45
o
 SR-IR spectrum, but not in the 20

o
 SR-IR spectrum. In the literature, the 

peak at 1180~1200 cm
-1

 has been attributed to a longitudinal optic (LO) mode of the network 

vibration [20,21]. The LO mode originates from the photon splitting in ionic crystals due to 

long-range Coulombic forces caused by ion motions during the vibrations [22]. In fact, this peak 

position is comparable to the value (~1250 cm
-1

) reported for crystalline alpha-quartz [23]. The 
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LO mode can be observed only at oblique incidence angle with the p-polarized beam; but, it 

cannot be detected with the s-polarized beam since the electric field along the longitudinal 

direction is zero in the s-polarization [22]. Thus, without IR polarization-dependence 

measurement, one cannot ambiguously assign this peak to the LO mode. Also, the origin of the 

LO mode in amorphous glass is still unclear [24–27].  

In Figure 3(a), the negative peaks at ~2240 cm
-1

, ~2800 cm
-1

, and ~3400 cm
-1

 of the 

θi=45
o
 spectrum could be puzzling since, as mentioned earlier, the absorption band in SR-IR 

should show up as a positive peak in the reflectance (R vs. cm
-1

) plot. It is interesting to note that 

the peak positions of ~2800 cm
-1

 and ~3400 cm
-1

 agree well with the absorption bands in the 

transmission IR spectrum [28]. The ~2240 cm
-1

 is close to the peak reported for the Si-H (silane) 

group [29,30]. However, it should be noted that the peaks in SR-IR cannot be interpreted or 

assigned based on the coincidence of the SR-IR peak positions with the IR absorption bands of 

other materials.     

3.2 Simulation of SR-IR and ATR-IR Spectra of Glass 

In this section, the theoretical SR-IR and ATR-IR spectra are calculated using the 

equations (1) – (5) and the complex refractive index of diamond [17], germanium [18], and soda 

lime glass (Figure 2) [9], and compared with the experimental spectra shown in Figure 3. This 

comparison clearly shows that anomaly or artifacts of the SR-IR and ATR-IR spectra of glass 
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that should not be considered or interpreted as changes in absorption bands.    

3.2a Comparison with simulated SR-IR spectra of glass  

Figure 4 displays the calculated SR-IR spectra for soda lime glass. The simulated spectra 

clearly show that the peak shape and position vary with the IR incidence angle, as observed 

experimentally. At near normal incidences (θi ≤ 20
o
), the peak shape is very similar to the shape 

of the imaginary part (k) of the complex refractive index. However, as θi increases to the oblique 

angle, the peak shape changes drastically and the position of the maximum intensity is also 

blue-shifted. The BO band position is shifted from ~1065 cm
-1

 at the near-normal incidence 

angle to ~1080 cm
-1

 at higher incidence angles. Note that his blue shift is not due to the changes 

in the strength or energy of the Si-O-Si bond (changes in the position of the 𝜋(λ) maximum); it 

is simply due to the anomaly caused by the change in the real part of the refractive index, 𝑛(λ) 

in the wavenumber region. The nearly zero reflectance at 1300 cm
-1

 is simply because the 

refractive index of glass is the same as that of air at this wavelength (see Figure 2).  

It is noted that as the incidence angle increases, the peak near 1180~1200 cm
-1

 grows. In 

the previous literature, this peak has been ascribed to the LO mode [20,21]. If it is true LO mode, 

then it is expected to be detected only in the p-polarized spectrum but not in the s-polarized 

spectrum [22]. Figure 5 displays the s- and p-polarized spectra of the polished soda lime glass 

sample measured as a function of the angle of incidence. The growth of the 1180~1200 cm
-1
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component is observed in both s- and p-polarized spectra. The simulated s- and p-polarized 

spectra from the refractive index shown in Figure 2 reproduced the same trend observed in the 

experimental data (insets of Figure 5). The small discrepancy in the peak shape must be due to 

the minor difference in the refractive index of the sample used in this study and the literature 

value shown in Figure 2. This comparison clearly shows that the growth of the 1180~1200 cm
-1

 

component is due to the anomaly caused by the change in the real part (n) of the complex 

refractive index. This position coincides with the minimum of n(λ) in Figure 2.  

This simple theoretical calculation of the SR-IR spectra of glass demonstrates how the 

peak shape and position vary with the IR incidence angle due to the wavelength dependence of 

the refractive index. It is not due to the new vibration modes or absorption band at an oblique 

incidence angle. If new absorption bands are involved, then there should be new peaks in k(λ); 

but, the simulated spectra shown in the insets of Figure 5 are all produced with the same n(λ) and 

k(λ) data set of soda lime glass (Figure 2).  

In SR-IR analysis, the contribution from the backside reflection is sometimes ignored, 

which could lead to artifacts in the spectra. Figure 6(a) plots the IR penetration depth, dp, 

calculated using k(λ) in Figure 2. The penetration depth varies from ~0.65 µm at the BO 

absorption band position to ~2 cm in the >3700 cm
-1

 region. It is noted that when the sample 

thickness is 700 µm, then the >2200 cm
-1

 region of the IR beam can be reflected from the 
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backside of the glass sample. This backside reflection can contribute to the signal intensity in the 

SR-IR experiment. When a microscope objective lens is used (θi=20
o
 data shown in Figure 3(a)), 

the backside reflection is negligible since the focal depth of the objective lens is only on the 

order of several microns. However, in the typical SR-IR experiment with an elliptical mirror with 

a long focal distance (θi=45
o
 data shown in Figure 3(a)), the backside reflection should be taken 

into account.  

Figure 6(b) shows how the backside reflection alters the SR-IR spectrum of a 700 μm 

thick float glass sample. When the IR beam is reflected from the front surface only, the SR-IR 

spectrum has no features at λ > 2000 cm
-1

. The reflection from the backside has zero signal at λ < 

~2240 cm
-1

, but has non-zero signal at λ > ~2240 cm
-1

. Since the front and backside reflected 

beams are spatially separated, the interference effect is negligible and the signals from these 

surfaces can be added. When these two components are added, the sum spectrum (solid line in 

Figure 6(b)) shows negative peaks at ~2240 cm
-1

, ~2800 cm
-1

, and ~3400 cm
-1

, which is in good 

agreement with the experimentally observed spectrum (Figure 3(a), inset). This simulation 

clearly explains that the apparent peak at ~2240 cm
-1

 should not be interpreted as the silane 

(Si-H) species in the soda lime glass; it is simply the onset of the backside reflection contribution 

in SR-IR of a thin optically-flat glass sample. Note that the Si-H peaks are normally very sharp. 

The negative peaks at ~2800 cm
-1

 and 3400 cm
-1

 in the SR-IR spectrum are due to the absorption 
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by hydrous species in the bulk. In this sense, the region above ~2240 cm
-1

 in the SR-IR spectrum 

is similar to the transmission absorption spectrum.    

In order to further understand the backside reflection contribution in SR-IR, we 

conducted a few control experiments (Figure 6(c)). When the sample thickness is changed from 

700 µm to 5mm, then the onset of the backside contribution is shifted from ~2240 cm
-1

 to ~3600 

cm
-1

. When the backside of the 5mm thick sample is roughened, then this contribution is further 

suppressed. When CCl4 is placed on the back of the 700 µm thick sample, then the backside 

reflection is completely suppressed since the refractive index of CCl4 is very close to that of soda 

lime glass.   

3.2b Comparison with simulated ATR-IR spectra of glass 

In ATR-IR, the IR incident beam travels through the high refraction index crystal and is 

reflected from the crystal/glass interface; thus, the reflection behavior can be divided into two 

regimes: (i) θi < θc (SR-IR region) and (ii) θi > θc (ATR-IR region). The critical angle (θc) is 

~38.7
o
 for the diamond crystal and ~22.0

o
 for the germanium crystal. When θi < θc, the peak 

shapes in the reflection spectra shown in Figures 7(a) and 7(b) appear to be governed mostly by 

the real part, n(λ), of the glass refractive index (Figure 2). When θi > θc, the signal in the 

non-absorbing region (>1200 cm
-1

) is almost zero since the IR beam undergoes total internal 

reflection (i.e., R = Ir/Io = 1; log(1/R) ≈ 0). In the absorbing region (<1200 cm
-1

), k(λ) has 
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non-zero value and the total internal reflection is attenuated (i.e., R < 1; log(1/R) > 0). It is noted 

that the Si-O-Si peak position of the maximum intensity is not the same as the absorption band 

position in k(λ); it is significantly red-shifted to ~910 cm
-1

 for the diamond-ATR data in Figure 

7(a) and ~990 cm
-1

 for the Ge-ATR data in Figure 7(b). Such a red-shift in the absorption peak 

position is insignificant for organic materials since k(λ) is very small and thus variance in n(λ) is 

negligible. However, in the case of soda lime glass, both n(λ) and k(λ) vary over a large range, 

causing distortion of the peak shape in the ATR-IR spectrum. Thus, the difference in the peak 

positions of the SR-IR and ATR-IR spectra should not be interpreted as structural modification in 

the surface region [12]. These differences are simply due to the anomaly of the IR beam 

reflection resulting from changes in n(λ).  

3.3 SR-IR vs. ATR-IR for Study of Si-O-Si Network Structure 

The leaching of sodium via acid treatment is usually observed to shift and alter the shape 

of the broad band in the 1200 – 850 cm
-1

 region [3]. Figure 8 compares the changes observed in 

the SR-IR and Ge ATR-IR spectra of the acid-treated soda lime glass surfaces. In the SR-IR 

spectra (Figure 8(a)), it can be seen that, upon acid treatments, the peak position of the BO band 

is slightly blue-shifted (from 1054 cm
-1 

to 1060 cm
-1

) and the intensity of the NBO region 

(shoulder peak at ~950 cm
-1

) is slightly increased. The change in the NBO region can be 

attributed to conversion of the NBO group to the Si-OH species upon leaching of Na
+
 into 
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solution and ingress of H
+
 from the solution. Most divalent Ca

2+
 and Mg

2+
 ions remained in the 

surface region after leaching since they have less mobility than Na
+ 

[31]. Therefore, they have 

less effect on the peak position compared with leaching of Na
+
. The glass samples also contain 

several hundred ppm of iron. Even if its oxidation state could be changed, its impact is negligible 

since its concentration is too low [32].  

The Ge ATR-IR spectra (Figure 8(b)) show larger blue-shift of the main peak from 990 

cm
-1

 to 1010 cm
-1

. And the intensity of the 950 cm
-1

 region decreases with acid treatment, which 

is opposite to the trend seen in SR-IR. One may attempt to interpret this observation in 

conjunction with the difference in the information depth of two methods: dp = 650 nm at 1060 

cm
-1

 in SR-IR and 490 nm at 1000 cm
-1

 in Ge ATR-IR. However, it should be noted that the peak 

shape and position of the Ge ATR-IR spectrum implies that the ~1000 cm
-1

 peak are affected by 

the convolution of n(λ) and k(λ). In other words, the anomaly effect of the complex refractive 

index of glass made the blue-shift larger in the Ge ATR-IR spectra, compared to the SR-IR 

spectra.  

In the case of the diamond ATR-IR analysis, the peak position of the 910 cm-1 band 

(Figures 2(b) and 7(a)) was blue-shifted by +1 cm-1 after 20 hours of acid etching and then 

red-shifted by -2 cm-1 after 320 hours (data not shown). This difference in the peak position 

change upon the acid etching treatment reiterated that the peaks in the Si-O-Si vibration region 
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of the ATR-IR spectra of glass samples are altered by the anomaly effect originating from the 

complex refractive index of glass.  

3.5 Diamond vs. Germanium ATR-IR for Detection of Hydrous Species   

ATR-IR can be used to probe the hydrous species in the near surface region of soda lime 

glass [14,15]. The broad band within the 3800-2500 cm
-1

 region can be attributed to the OH 

stretching vibrations of Si-OH and H2O species with varying degrees of hydrogen bonding 

interactions. Note that the 3450-3200 cm
-1

 region overlaps with the OH stretch vibrations of 

molecular water species in liquid or adsorbed layers;[33] but this does not mean that all peaks in 

the region can be assigned to the molecular water. The OH stretch peak of molecular water as 

well as Si-OH could overlap depending on the degree of hydrogen bonding interactions.[34] The 

presence of the H-O-H bending vibration peak at ~1650 cm
-1

 indicates the presence of molecular 

water in the ATR-IR probe depth. Both Ge and diamond ATR-IR spectra clearly show these 

peaks (Figure 9(a) and (b)). Since the absorptivity of glass itself in this region is very small, the 

observed peaks can be interpreted as absorption bands of the Si-OH and H2O species as in the 

case of transmission analysis.  

However, the interpretation of the peak intensity is not as straightforward as the 

transmission analysis [15,35]. In Figure 9(c), the increases of the 3400cm
-1

 peak intensity after 

acid treatment are plotted as a function of the hydrogen amount in the samples surface calculated 
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from SIMS data reported elsewhere[15]. In both diamond and Ge ATR-IR, the signal intensity 

increases non-linearly with the hydrogen amount. This is because the electric field of the 

evanescence wave decreases exponentially as a function of distance from the surface and 

contribution to signal intensity by absorption in deeper region are weakened due to its 

attenuation. It is noted that the signal intensity is much weaker in the Ge ATR-IR spectra 

compared to the diamond ATR-IR spectra. This is mainly due to the difference in the penetration 

of the evanescent wave. The penetration depth (dp,ATR) at 3400 cm
-1

 is calculated to be 600 nm 

for diamond ATR and 150 nm for Ge ATR. Thus, the Ge ATR-IR signal becomes saturated much 

faster than the diamond ATR-IR signal.    

 

4. Conclusions  

Infrared spectroscopy is an important and valuable tool for the characterization of glass 

structure, water in glass and water adsorption/reaction at surfaces. Although the fundamental 

vibrational state of the material is the desired information in all of these methods, the position, 

shape and intensity of the measured absorption peaks are influenced and sometimes distorted by 

differences and anomalies associated with how the data is acquired. In this study, SR and ATR 

have been used to acquire spectra of a commercial soda lime float glass, to describe and analyze 

the associated spectral features in detail. The observed differences in the wavenumber and shape 
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of the important peaks for each mode of data acquisition are explained using classical optical 

theory. The effects of incidence angle, backside reflections and information depth are highlighted. 

For example, the Si-O-Si BO peak is blue-shifted in SR-IR and red-shifted in ATR-IR simply due 

to the complex nature of the glass refractive index, not due to differences in probe depth. 

Likewise, the growth of a peak at ~1200 cm
-1

 in SR-IR at oblique angles cannot be attributed to 

the LO mode of the Si-O-Si vibration. In the case of thin and flat glass samples, the IR reflection 

from the back surface can superimpose the transmission spectrum on the SR-IR spectrum in the 

wavenumber region where the bulk absorption coefficient is low. The effect of acid leaching on 

the Si-O-Si BO network should be analyzed by SR-IR, not by ATR-IR. When the ATR-IR 

intensity of the hydrous peaks (Si-OH and H2O) is interpreted, the inhomogeneous in-depth 

profile of the hydrogen and the IR penetration depth must be taken into account.   
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Table Captions 

 
Table 1. Glass composition evaluated by XRF 

 

Figure Captions 

Figure 1. Schematic illustration of transmission, specular reflection (SR), and attenuated total 

reflection (ATR) IR spectroscopy of a flat glass sample.  

Figure 2. Real (n) and imaginary (k) components of refractive index of soda lime glass.[9]  

Figure 3. (a) SR-IR spectra of soda lime float glass with 0.7 mm thickness obtained at an 

incidence angle of 20
o
 (with a 15x IR objective lens) and 45

o
. The inset shows the 4000 – 1600 

cm
-1

 region of the 45
o
 incidence angle spectrum. (b) ATR-IR spectra of soda-lime float glass with 

0.7 mm thickness obtained with diamond and Ge ATR crystals. The inset shows the 4000 – 1200 

cm
-1

 region of the ATR-IR spectra.  

Figure 4. SR-IR spectra of soda lime glass calculated with eqs. (1) – (3) using the refractive 

index shown in Figure 2 at different incidence angles (θi). 

Figure 5. Comparison of (a) s-polarized and (b) p-polarized SR-IR spectra of polished soda lime 

glass at incidence angles θi at the Brewster angle (58
o
) as well as ±5

o
 and ±10

o
. The main panels 

are the experimental spectra and the insets are the spectra simulated with eqs. (1) – (3) using the 
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refractive index shown in Figure 2.  

Figure 6. (a) IR penetration depth, dp, inside soda lime glass calculated with k(λ) shown in 

Figure 2. (b) SR-IR spectrum calculated for a 700 μm thick soda lime glass using equations (1) – 

(5) at an incidence angle of 40
o
. The dotted lines are the components calculated for the reflection 

from the front and back surfaces. (c) Experimentally obtained SR-IR spectra of soda lime glass 

with different backside reflection conditions.   

Figure 7. (a) Diamond ATR-IR, and (b) Ge ATR-IR spectra of soda lime glass calculated with 

eqs. (1) – (3) using the refractive index shown in Figure 2 at different incidence angles (θi). Note 

that the calculated spectra for θi = 1
o
 and 20

o
 correspond to the SR-IR data since the incidence 

angle is lower than the critical angle (θc). 

Figure 8. (a) SR-IR (θi = 20
o
) and (b) Ge ATR-IR spectra of acid-treated soda lime glass samples 

for 0, 1, 5, 20, 80, and 320 hours.    

Figure 9. ATR-IR spectra of acid-treated soda lime glass surfaces obtained with (a) germanium 

and (b) diamond crystals. (c) Comparison of the 3400 cm
-1

 peak intensity with the hydrogen 

amount in the glass surface. The hydrogen amount on the x-axis is adapted from the secondary 

ion mass spectrometry analysis (SIMS) result reported in ref. [15].   


